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ABSTRACT 
This thesis addresses a multi-task scheduling 
problem within the steel industry.  The subject is a 
forging operation which utilises numerous heating 
furnaces to produce the heating cycles necessary to 
prepare manufactured products for forging. 
The random arrival process and varied heating 
heating cycles severely impact on the ability of 
shop personnel to completely and consistently 
consider each piece effectively so as to maximize 
the effectiveness of the forging shop heating and 
forging operations.  With the increasing cost of 
energy having become a major component of forging 
cost, the need to significantly improve scheduling 
efficiency has lead to the consideration of 
computerised scheduling.      ip 
Numerous scheduling techniques have been 
developed in the literature.  It was anticipated 
that some form of optimisation could be used to 
establish an optimal schedule for use on a daily 
basis plus project an operating schedule one week 
into the future. 
Significant treatments of scheduling procedures 
were represented which have been developed for some 
applications, but tend to be limited to problems 
with minimal interaction between processes.  Heating 
and forging cycle continuity place a major 
constraint on this problem.  Standard optimisation 
procedures were investigated and found to be too 
unwieldy for this application.  An heuristic 
algorithm which uses some of the techniques of 
mathematical programming was .developed. 
The heuristic develops a schedule by 
investigating a subset of all possible schedule 
combinations.  The .subset selection is made by the 
user from a number of available priority rules. 
As part of the study, all priority rules are 
evaluated using several test periods to find the 
those which are most consistently effective. 
To use this algorithm on a production basis, 
user-oriented reports are produced.  They provide 
step by step documentation of the forging and 
furnace schedules and can bo used for guidance by 
the operating department management. 
I.  BACKGROUND 
In recent years, energy costs have become of 
paramount concern to various manufacturing 
industries where heating and reheating is a major 
part of the production process.  The steel industry, 
as uell as other primary metals industries are among 
the most acutely auare of the impact of energy on 
many of their operations. 
Over the many years of operation, raw materials 
and labor represented the major components of total 
manufacturinng costs.  Within the steel industry, 
internally generated by-product fuels(primarily coke 
oven gas and blast furnace gas) have helped to 
defray the cost of energy and minimise the 
dependence on energy sources such as oil, natural 
gas, and electricity. 
The relative insignificance of fuel costs in 
the past may actually have resulted in the adoption 
of inefficient energy related practices in favor of 
rau materials and labor efficiency.  When rau 
material costs were of prime importance, great 
effort to manufacture products uith minimum yield 
loss may have been the major concern.  As labor 
costs became the largest portion of product 
manufacturing cost, all efforts may have been in 
terms of minimising manufacturing time. 
Today the cost of energy may be the newest 
major cost factor.  As our world expands, new 
technology create process improvements, more 
competition in the world market, and the need for 
industry to concentrate on all aspects of their 
manufacturing processes, zau materials costs, labor 
cost, and energy related costs in order to remain 
competitive. 
There are numerous examples of this situation 
in the steel industry.  Operations such as soaking 
pit furnaces which reheat steel ingots in 
preparation for subsequent processing in rolling 
mills are one example.  Another is a forging complex, 
where very large, high strength steel 
bars, shells, discs, and electrical utility forgings 
are produced. 
A great deal of energy is expended in the 
various heating and reheating cycles which are a 
part of the process of forging steel ingots into 
semi-finished shapes.  To further exaggerate the 
impact of energy on the manufacture of forged steel 
products it is important to understand that in 
addition to the forging processes, there is 
generally a heat treatment process which follows 
where heating, reheating, quenching, 
tempering, and air cooling are among the many 
processes. 
It is the complexity of the forging operation 
that has lead to the need for a scheduling tool to 
effectively evaluate the many parameters which 
impact on forge operations scheduling.  Each forged 
product will be assigned a specific heating, 
forging, reheating, reforging. etc., cycle with 
heating and reheating times based on accepted 
metallurgical specifications.  It is for these 
reasons that the efficient scheduling of forging 
furnaces can have a dramatic impact on improved 
production costs for forged steel products. 
Depending on the type of forging shop 
(production shop versus job shop) and the forging 
and heating facilities which are available, the 
problem of scheduling the various cycles in the 
forging process can fall into a wide spectrum of 
complexities ranging from minimal to monumental. 
The best scheduling situation may be the 
production shop where high volume serves to dictate 
well organised, smooth flowing heating and forging 
cycles.  Heating requirements to support this type 
of operation can be easily calculated and the 
heating process can be made as smooth as the forging 
process. 
Unfortunately, all forged steel products are 
not ordered in large volume nor with any regularity. 
This results in a highly variable forging shop 
schedule with various degrees of forging press and 
heating furnace utilisation.  The selection of a 
particular forging schedule in the job shop will 
result in a major impact on the energy consumed to 
meet the selected schedule. 
This paper will address this question to 
minimise energy costs for optimal scheduling of 
forged steel products in a job shop environment. 
II PROBLEM DEFIMITION 
Within the environment of a forging operation, 
"preheater" and "forging" furnaces are used to bring 
partially cooled forging ingots up to the proper 
forging temperature in clearly defined stages.  The 
process of heating would not be complex if it were 
not for the limited number of heating furnaces 
available at any one time and the huge expense of 
furnace fuels.  If it uere not for these tuo facts, 
each furnace could be used for only one ingot and 
each piece could be treated uniquely.  In practice, 
however, pieces must be combined in a limited number 
of furnaces with each piece having a different 
heating schedule. 
This situation exists at one of the forging 
shops at the Bethlehem Plant of the Bethlehem Steel 
Corporation.  With increasing energy costs, 
Bethlehem Steel has recognised the need for an 
optimal furnace schedule to maintain a cost 
effective and price competitive operation. 
Currently the scheduling operation is performed 
manually on a daily basis.  This is a time consuming 
process done essentially by trial and error.  The 
parameters which are considered when scheduling are 
highly complex and interrelated, as defined by 
forging shop supervision.  The following are some of 
the factors which they feel must be considered 
during the scheduling process: 
(1) Chemistry of the ingot or forging 
(2) Initial temperature and soak temperature 
(3) Size and weight of the piece 
(4) Maximum furnace utilisation 
(5) Heating pieces to forging temperature 
in proper sequence to minimise set-ups 
at the forging presses. 
(6) Provide enough hot work to keep 
the presses busy without wasting fuel 
on too much hot stock 
(7) Minimise the length of time pieces 
are held at forging temperature in 
the furnaces 
(8) Provide forgings in proper sequence 
to meet customer delivery schedules 
The Forging Division of the Bethlehem Plant has 
been actively pursuing improvements to its No.  2 
Press Forge operation in order to reduce energy 
consumption.  One of the potential solutions which 
has been suggested is the development of a 
scheduling program to assist shop supervision in 
preparing daily press and furnace schedules.  The 
shop produces various sizes of forged products from 
poured steel ingots.  Ingots arrive at the shop from 
the Steelmaking Division by a predefined schedule. 
At the time of arrival material becomes the 
responsibility of the Forging Division.  They must 
process the piece according to customer and 
metallurgical constraints as well as within the the 
capabilities of their available equipment.  One of 
their major goals is to process orders on a timely 
basis to meet customer delivery dates.  The 
Production Department assists in the inter-shop 
tracking of orders and follous their progress. They 
maintain a computerized log on each order and update 
the status as operations are completed. 
When orders arrive at the Press Forge, or at 
some point prior to arrival, the ingot is placed 
onto a forging press schedule by shop supervision. 
The ingot is then slotted into a furnace for heating 
and soaking prior to forging.  The slotting of the 
ingot into the press schedule together with the 
required metallurgical heating and soaking times 
determines the heating requirements for that piece. 
Both rate and duration of heating are important. 
These heating requirements affect the selection of a 
furnace for heating. 
A zevieu of historical records reveals that 
uhile metallurgical standards have been established 
for heating and soaking ingots prior to forging, it 
is rarely possible to adhere to these in practice 
due to the combination of several pieces into a 
single furnace for heating and subsequent soaking at 
forging temperature.  The combination is rarely such 
that all pieces reach their "ready-to-forge" state 
on schedule.  Some material invariably gets 
oversoaked.  The complexity of the situation lies in 
the inability to manually consider all possible 
alternative heating stategies quickly enough for 
dynamic decisionmaking. 
This project seeks to develop a feasible 
furnace scheduling procedure uhich is quick and 
simplistic in design yet effective at reducing 
energy consumption.  In all cases, metallurgical 
specifications and accepted shop practices uill be 
used as guidelines for scheduling the operation. 
The Metallurgical Standard Practices governing 
the heating cycles have been in existence for many 
years; they are founded on sound heating principles. 
Mo attempt is made as part of this study to 
re-evaluate them since they are periodically 
reviewed and updated by the Metallurgical Division. 
In 1978-1979, studies were performed at the 
Press Forgo to evaluate the.amount of time pieces 
were being held at soak temperature compared with 
metallurgical specifications.  This revealed certain 
patterns of performance.  Due to possible 
differences in operational levels and the desire to 
relate fuel consumptions to this information, it was 
decided to do a similar study and determine present 
patterns to fuel consumption and attendent costs. 
As a result of these studies, some maximum 
acceptable ratios (aim ratios) of "actual On-Heat 
Time" to "Minimum Required On-Heat Time" for each 
press uere established which can be used to evaluate 
the impact of manual furnace scheduling on shop 
operations.  These ratios can again be used when 
considering the performance of a scheduling system. 
The distribution of forgings and their relative 
ratio of actual to required on-heat times are as 
follows : 
o 21 . 2'A   of the forgings were heated for less 
than the required time. 
o 36.1/J of forgings fell within the range of 
1 : 1 and the aim maximum set by the 
Metallurgical Oberservation Department with 
approximately 795* of these in the 1 to 1.5 
category. 
o 42.6X of the forgings were in the category 
above the 1.8 to 1 aim maximum ratio. 
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Ill PROBLEM DETAILS 
In order to effectively attack this problem it 
is necessary to define the many details and 
assumptions which are to be considered as part of 
the system.  In a typical forging chop there is 
usually more than one forging press.  For purposes 
of this study, a pilot operation was isolated for 
use in system testing.  Included in this pilot 
operation are one forging press, its product 
workload, and the nine furnaces which provide the 
heating cycles for the workload.  This pilot 
represents a subset of the forging facilities at the 
Bethlehem Steel's No . 2 Press Forge.  The results of 
the study should be readily transferable to all 
other press operations with minor modifications. 
THE FORGING OPERATION 
Two types of products are processed through the 
1 pilot forging operation which is the subject of 
this study; 
(1) recently poured steel ingots of various 
cross-sections (16" diameter and 16" x 18" 
rectangular to 130" diameter - weighing from 1600 
pounds to over 700,000 pounds), and (2) forging 
stock which is usually in the form of a cylindrical 
block ranging in diameter from 10 inches to 110 
inches. 
In most cases it is desirable to utilize ingots 
as raw stock and minimize the use and production of 
stock.  This is done by selecting an ingot size 
which closely matches the material needs of the 
1 1. 
/■ 
product to be forged.  In terms of energy 
considerations, recently poured ingots also have the 
advantage of still being hot as received at the 
forging shop.  This heat effectively reduces the 
energy consumption required to achieve the required 
heating cycles. 
Ingots currently arrive at the forging shop 
following a schedule as developed by the melt shop. 
This melt shop ingot schedule is believed to be 
responsible for some of the scheduling complications 
experienced at the forging shop.  A form of 
suboptimization at the melt shop results in arrivals 
to forging on an irregular basis. 
Pieces arriving at the forge shop must be processed 
according to standard forging practices.  Each cycle 
or forging step involves the reconfiguration of the 
steel uorkpiece into an intermediate shape in order to 
achieve a completed forging.  Preceding each forging 
operation are several heating cycles used to prepare 
the uorkpiece for forging.  The forging cycle 
includes some combination of the following-' 
PREHEATING. HEATING. REHEATING. SOAKING, OVERSOAKING. 
and FORGING.  The three primary heating cycles; 
preheating, heating, and soaking are used to various 
degrees. 
The first cycle which is optionally encountered 
on hot pieces is a cycle knoun as preheating. 
Preheating is a necessary part of the heating 
process only when a forging furnace is not 
immediately available to process a new uorkpiece 
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directly through its prescribed heating and soaking 
cycles.  Preheating furnaces or proheaters are used 
to maintain or very gradually increase piece 
temperature in preparation for subsequent transfer 
to a forging furnace.  Preheating furnace temperature 
will range from approximately 300 degrees Fahrenheit 
to 1400 degrees Fahrenheit during normal usage. 
Preheaters are also used to increase the 
temperature of cold (ambient) stock to some 
acceptable level in preparation for transfer to a 
forging furnace.  As can be seen in the heating chart 
in Figure 1. heating and maintaining temperatures in 
the preheating range tend to use significantly less 
fuel when compared uith higher temperature heating. 
Preheater are required to provide initial heating 
since it is not possible to charge pieces into 
forging furnaces if the temperature difference 
between the piece and the furnace will be greater 
than 600 degrees Fahrenheit.  A violation of this 
practice can cause cracking due to uneven surface to 
core temperature differences. 
The heating process is a standard metallurgical 
practice which specifies both the rate and -the 
temperature (degrees Fahrenheit) to uhich the 
uorkpiece is to be heated.  The length of time 
required at heat is determined by the size of the 
piece.  The purpose of the heating process is to 
raise the surface temperature of the piece as 
rapidly as possible without causing it to crack. 
Forging or heating furnaces perform the heating 
function.  Forging furnace temperatures range from 
13 
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approximately 700 degrees Fahrenheit to 2350 degrees 
Fahrenheit depending on the furnace status, its 
position in the current heating cycle, and the 
furnace contents. 
Uhile there is no specific differences between 
the design of the forging furnace and the preheating 
furnace, generally the available furnaces do not 
change function.  Designated preheaters remain 
preheaters and forging furnaces remain as heating 
furnaces during a given time horizon.  While the 
designed differences between furnaces are minimal it 
is the case that some of the furnaces are more 
efficient than others.  A rotating schedule for 
furnace relining is used to reduce inefficiency 
caused by deteriorated furnace brick linings.  An 
attempt is made to minimise the use of the furnaces 
keeping only as many operating as are absolutely 
necessary to meet heating requirements. 
Once the piece has been heated to its 
prescribed forging temperature, the soaking process 
is begun.  The soaking process is used to allow the 
piece to reach a uniform internal temperature so 
that the piece can be easily formed.  (see Table 1 
for examples of heating and soaking times.) 
The least desirable aspect of the heating 
process is to have a piece at forging temperature 
(having been soaked for the required amount of time) 
waiting for its turn under the forging press.  This 
situation, known as oversoaking, results in wasted 
fuel.  There is no metallurgical benefit to the 
additional soaking and a great deal of energy is 
15 
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being expended to maintain forging temperature.  The 
goal of this project is to produce a shop schedule 
which will effectively and consistently maintain a 
minimum oversoak condition in the shop schedule. 
The forging process is the period of time 
during which a piece is actually being formed under 
the open-die forging press.  Each forging cycle 
varies in length and complexity.  Cycles can be as 
short as 0.1 hour or as long as M.0 hours, depending 
on the complexity and size of piece.  Forging 
operations vary from one piece to the next with some 
requiring one or two forging cycles while others may 
require up to 4 or 5 cycles.  The final desired size 
and shape as compared to the starting size will 
dictate the number of forging cycles required. 
Effective forging requires the forging shop to 
maintain a significant inventory of dies for the 
many forging configurations demanded by the various 
orders.  These dies are changed prior to a forging 
step as required by the order being processed.  Other 
auxiliary operations also interact with the standard 
operations of heating and forging.  These operations 
include such things as burning and scarfing.  These 
operations have a significant impact on heating 
cycles since they de^ay the recharging of the 
workpiece into a forging furnace for reheating and 
subsequent cycles. 
The forging press and all the shop furnaces 
operate according to established shop schedules.  For 
purposes of scheduling, the forging shop divides the 
week into twenty-one, eight hour shifts.  During 
periods of very high workload the forging press may 
17 
be scheduled tuo or three shifts per day during the 
entire seven day ueek.  As the workload declines the 
number of shifts scheduled also declines.  However, 
the Operating Department supervision attempts to 
schedule in such a way that the smooth flow of work 
is not disrupted.      i 
The shop furnaces tend to be scheduled much 
less sporadically.  Since start-up and shutdown of 
furnaces is a time consuming process, the tendency 
of operating personnel is to schedule them in a 
relatively static way to be operating or inactive 
for weeks at a time.  The actual schedules vary with 
workload, so that as the shop workload declines the 
decision to suspend one or more furnaces may occur. 
The forging press schedule and furnace 
schedules are highly interrelated.  Any change to the 
forging schedule can impact on the ready to forge 
time and any change in furnace schedule can have an 
impact on its ability to meet forging schedule 
times.  The effect of changing one schedule could 
result in a chain reaction effect on this 
interdependent schedule. 
There are a wide variety of forged products, 
not only in terms of size, but also grade.  Both 
factors have an impact on the metallurgical 
specifications which apply to them. 
PRODUCT DEFINITIONS 
The products which are manufactured in this 
forging operation can be categorised by a number of 
factors.  They include product type, die 
18 
FORGED BARS 
TURBINE SHAFTS 
TURBINE ROTORS 
ROTOR DISCS 
CYLINDER SHELLS 
FORGED SLEEVES 
FORGED STEEL BLOCKS 
STEEL RINGS 
SPINDLES 
Table 2 - Examples of Forged Steel Products 
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requirements, metallurgical grade of steel, and 
size.  Some typical product types are included in 
Table 2. 
Since each job may have multiple forging 
cycles, and these must be integrated into schedules 
uith a great degree of continuity, the process of 
selecting the best forging press schedule has 
limitless proportions.  The number of possible 
combinations is astronomically large. 
In general, uhile products can be categorised, 
the shop is essentially a job shop uith only a feu 
orders of a repetitive nature.  This, results in a 
minimal number of standardised forging cycles and 
feu jobs uhich can bo batched together for 
processing. 
The categorisation of pieces is important to 
both the forging operation and the furnace heating 
operations.  The forging operation is affected by: 
o product type uhich dictates the amount of 
forging required during each forging cycle 
o die requirements uhich are necessary to 
insure that the proper amount of uork is done 
on the ingot and aim sizes are achieved by 
the completion of each forging cycle.  These 
die requirements also impact on the optimum 
scheduling of forging operations.  Scheduling 
is done uith consideration for minimising the 
number of required die changes during the 
forging operations, 
o size, affecting the amount of forging time 
required to trandforn the piece from one step 
to the next in the forging process. 
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o grade* having an impact on the ease with 
which a piece can be forged and amount of time 
that it can be forged based on the lowest 
acceptable forging temperature. 
o heat loss- start/end forge cycle temperatures. 
The furnace heating operations are also 
effected by these same factors and the following 
considerations: 
o product type and die requirements are indirect 
contributors to heating requirements since they 
affect the forging and attendant heat loss and 
result in added heating in subsequent cycles, 
o size and grade are the major contributors 
to heating requirements. 
Size is categorized by maximum cross-sectional 
dimension and length.  It will affect the amount of 
space taken up in the heating furnace and in 
combination with grade will affect the heating and 
soaking times of the piece being processed.  Steel 
forging grades will be categorized into M classes 
for purposes of this study.  These include: CrVMo 
Alloy, Stainless (18X), Stainless (12/i) and Carbon 
grades.  The grade of steel establishes the heating 
time, soaking time, and forging temperature. 
In addition to cross-sectional dimensions, 
sizes are also categorized by the stage of forging 
through which they have been processed.^., There are a 
number of general types of forging configurations 
which occur repeatedly in the forging operations. 
For purposes of this study, they been categorized 
into 4 groups: 
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o INGOT 
o BLOCK 
o UPSET 
o DISC/RING 
These categories not only define a finished 
shape but also the forging process which was used to 
achieve the shape(except for INGOTS).  The diagrams 
in Figure 2 represent the various categories of 
forgings uhich are part of this pilot study. 
The INGOT configuration is generally the first 
input shape to the forging cycle.  This shape is 
created by pouring molten steel into a cast iron 
mold, allowing the steel to cool, and extracting the 
resultant solidified shape.  This shape becomes 
input to the first forging step. 
In most cases, the first forging step will 
include the reduction in INGOT cross-section and 
elongation.  The cylindrical shape uhich is produced 
is called a BLOCK.  A BLOCK may also have one or 
more concentric cylindrical shapes in a continuous 
piece of material.  This might be referred to as a 
stepped cylindrical shape.  The process of forging 
into a BLOCK configuration is called blocking. 
The UPSET step and configuration is a mushroom 
shape produced by positioning a block configuration 
on end and compressing it lengthwise to reduce it 
from a long and thin shape to a short and stubby 
shape.  The purpose for this step is both 
dimensional and metallurgical in nature. 
Dimensionally, the UPSET process will move a bulk of 
metal into a more compact shape, as may be demanded 
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A. Ingot Configuration 
i 
B. Block Configuration 
C. Upset Configuration 
D. Disc Configuration E. Ring Configuration 
Figure 2 - Diagrams of Typical Forging Shapes 
23 
by the application requirements.  Motallurgically, 
the UPSET process has the effect of working the 
material grain structure in order to enhance their 
qualities. 
An additional blocking step is often one of the 
finishing steps in the forging process.  If 
upsetting has been performed on the piece, this 
final blocking step is used to rough form the piece 
in final preparation for machining.  When upsetting 
is not performed the step uould be referred to, as 
simply, blocking.  When upsetting does occur prior 
to final blocking, the blocking step is referred to 
as block-after-upset. 
Another of the final forging operations is the 
shaping of a solid DISC or a hollou RING. In both 
cases, an upset configuration is further flatten to 
a desired thickness and in the case of the ring, a 
punch is used to produce ^he hollou center. These 
are considered unique shapes since the heating and 
soaking practices for these products are special. 
The characteristics of each piece that pertain 
to heatingare defined by size and grade and include 
the following items, most of which are based on 
metallurgical specifications and forging operations. 
- forging temperature 
- heating _time 
- soaking time 
- furnace loading factor (not a metallurgical 
specification and not related to grade) 
(A chart of these characteristics as used in the 
pilot study are detailed in Appendix A.) 
..^■-7 
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Forging temperatures vary by grade and forging 
operation.  The most frequently specified forging 
temperature is 2250 degrees Fahrenheit.  At this 
temperature steel resists flouing but is soft enough 
to be formed.  Once a forging step begins, the piece 
uill be forges until the step is complete or the 
piece has cooled to belou 160-0 degrees Fahrenheit. 
Belou 1600 degrees Fahrenheit the piece becomes too 
stiff to allou continued forging. 
With certain conditions and grades, the forging 
temperature can vary above and belou the commonly 
used 2250 degrees Fahrenheit.  A lou of about 2050 
degrees Fahrenheit and a high of about 2325 degrees 
Fahrenheit are the extremes. 
Heating time is a function of the piece size 
and grade but is also dependent on the piece's 
initial temperature.  heating.  Two categories of 
heating times are used: heating pieces whose 
starting temperatures are under 1600 degrees 
Fahrenheit and those uhose starting temperatures are 
over 1600 degrees Fahrenheit.  Heating times vary 
from 2 hours to 2 days based on piece size, 
configuration, and initial temperature. 
Soak times, like heating times, vary by piece 
size, configuration, as grade.  Since soaking and 
heating are so highly interrelated, soaking time 
specifications become a function of heat ing time. 
Table 1 includes examples of optimum heating versus 
soaking cycle relationships. 
The heating - soaking time relationship is 
flexible and adds one more degree of complexity to 
the shop scheduling problem.  For every hour that 
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the actual heating tine exceeds the specified 
heating tine, the specified soaking time for the 
piece can be reduced by one-half hour.  Similarly, 
reducing heating time by one hour requires an 
increase in soak time by one-half hour. 
The furnaces used in this operation are 
CARBOTTOM type furnaces They are front door loading 
uith moving track cars which can be pulled out of 
the furnace for loading.and retracted into the 
furnace for heating.  For purposes of this study all 
furnace are assumed to operate identically. 
Armed with these details about the forging 
operation, the search was begun to determine how to 
accomplish the desired goals of furnace scheduling. 
The operation is a complex, concurrent, and 
interdependent combination of both forging processes 
and heating processes.  Each forging cycle is 
affected by the preceding heating cycle and in turn, 
affects any subsequent heating. 
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IV.  SYSTEM DESIGN 
The problem description points vividly to the 
complexities uhich exist in this type of 
heating/forging operation.  There are numerous 
aspects of this problem uhich appear to place it 
into a standard class of scheduling problems.  The 
pilot operation uhich is being evaluated is composed 
of one forging press and multiple furnaces uhich are 
used for the various stages of heating (preheating, 
heating, soaking, and oversoaking) .  The objective 
of the scheduling process is to minimise the use of 
energy for the heating cycles.  This means 
scheduling pieces to be finished soaking as close to 
their scheduled forging time as possible. 
The complexities of the operation (highly 
variable furnace> cycles , the variety of product 
types, and time related interactions) add several 
levels of constraints to the problem uhich make it 
difficult, at best, to apply traditional scheduling 
techniques. 
ON-LINE VERSUS OFF-LINE DESIGN 
There uas significant discussion during the 
development of this project as to the most desirable 
form a scheduling tool could take.  The follouing 
tuo approaches uere investigated as potential 
scheduling tools to meet the needs of the Operating 
Department. 
The first uas an on-line, dynamic computer 
system uhich uas to be used for minute-by-minute 
changes to the status of the shop.  This approach 
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uould require the design of a complex on-line 
information system to maintain shop status.  Any 
scheduling procedures would utilise the data as 
maintained by a general information and control 
system.  The scheduling component uould be included 
in the heart of the information system, to be called 
upon as necessary to add neu pieces to the 
production schedule.  The concept uould be composed 
of an iterative procedure to investigate a variety 
of alternative schedules uithin a short planning 
horizon.  In addition, this system could be used to 
instantaneously adjust operating schedules as 
changes in the operation occur. 
The second approach considered uas an off-line 
planning system uhich takes a snapshot look at the 
shop status and imposes on top of current status the 
activities uhich are expected to occur during the 
term of a forecasting horizon.  This second approach 
offers less dynamic scheduling capability but allows 
the user to project, for planning purposes, further 
into the future in order to detect potential 
problems on the planning horizon." This concept more 
closely resembles a planning tool for forecasting 
purposes than an information and control system. 
Each approach offers benefits to the shop 
operating personnel, but each has its disadvantages. 
The advantages of an on-line system are its 
timeliness and detailed consideration of every 
change in system status.  In addition, it uould 
provide operating personnel uith an ability to 
assess the impact of each dynamic operation change 
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on shop scheduling.  Disadvantages of this approach 
are primarily (1) the short planning horizon in 
cases where a long range view is desired, (2) the 
need for the program to execute quickly, and (3) the 
overshadowing need for a complex information system 
to support the detailed shop data requirements.  In 
addition, an on-line system would reqire the 
part-time attention of an additional person, 
supervisory or clerical, to assure its integrity by 
inputting all pertinent shop-related status changes 
as they occur.  In effect, the responsibility to 
manage the shop is placed to a large extent on the 
computer.  The development time to build a system to 
capable of handling all of the possible operating 
strategies which are currently used in the shop 
might prove to be long and costly.  In terms of 
system execution tine, an on-line system would of 
necessity need to execute quickly thus providing 
less comprehensive scheduling evaluations. 
The off-line system alternative has as 
advantages an extended planning horizon, flexibility 
to investigate more schedule alternatives, minimum 
user interaction, and a relatively easy to achieve 
extended look into the future.  This approach will 
not demand the rapid response time required of a 
control system thus allowing for the investigation 
of more alternatives.  With an off-line system, 
interaction with the computer can be simplified 
dramatically from that of an on-line control system. 
This is possible because the system does not deal 
with the minute-by-minute activities of the shop 
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operation and has no need to keep track of them. 
Focus of the off-line approach is purely predictive. 
The advantages of this system approach are that user 
interaction is minimised, and increased planning 
horizon can be provided, and no shop control is 
imposed to complicate implementation. 
The reduction in user interaction, considered 
as an advantage from one point of view creates the 
disadvantage of severely limiting the user's ability 
to override system decisions over the extended 
planning horinon.  To override the system the user 
must make manual decisions, all at one time, prior 
to execution of the program.  Following program 
execution he can evaluate the results of his 
decisions and re-run, if desired, using an alternate 
set of decision rules. 
Attention to details is reduced with an 
off-line system approach.  Shop disruptions, setups, 
and auxiliary operations are considered more 
s 
superficially with greater attention given to the 
primary operations of forging and heating.  The 
result is a system which merely guides the user 
through operating decisions, rather than attempts to 
control his decision-making. 
The following facts led to the selection of an 
off-line approach to system development1 
(1) the Forging shop personnel recognise the 
variety of intangible decisions which must be made 
from time to time during the course of regular 
operations which carinot be systematically programmed 
(2) to extend the planning horison would result 
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in the opportunity for shop management to look 
beyond minutc-by-minute problems and evaluate the 
overall shop operation.  They were interested in 
extending the shop schedule several days into the 
future. 
(3) the primary purpose of this study was to 
evaluate scheduling techniques.  Scheduling is a 
technique which requires uell defined events to be 
processed without considering the impact of 
independent random situations which periodically 
affect the operation. 
In this case, the off-line approach to schedule 
forecasting will provide the shop with a guide to 
operations for seven days into the future.  The 
results of a daily program execution can be used by 
other departments whose operations follow the 
forging operation.  In addition, this type of design 
makes it possible to assess the impact of the 
schedules of operations which feed the forging 
operation as well as the equipment scheduling at the 
forging shop.  The system becomes a predictive tool 
and evaluator as well as a scheduling device. 
PROGRAMMIMG TECHNIQUES 
Given that an off-line approach is to be used 
as the basis for this scheduling tool, the next step 
is to select the most appropriate technique for 
solution.  The techniques which seem most 
appropriate include mathematical programming 
techniques (linear programming, branch and bound, 
etc.) and simulation (formal and heuristic based). 
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Mathematical programming techniques are 
traditionally used for this typo of problem.  It is 
a natural application for the use of sero-one 
programming if the many constraints can be defined 
to the system.  This direction uas researched in 
detail since the use of this type of scheduling 
model uould result in an optimal solution directly. 
If the problem were possible to define algebraically, 
then the development of a scheduling model uould 
require the construction of a matrix generator to 
convert the orders to be scheduled into a set of 
linear equations for execution by a zero-one 
programming computer program.  The results of the 
optimisation could then be converted into a readily 
usable shop schedule.  This approach seemed highly 
promising. 
A great deal has been written about the use of 
optimisation techniques to solve scheduling 
problems.  After investigating several of these 
approaches, it uas decided that a project scheduling 
model developed by Pritsker, Matters, and Wolfe 
(Ref.  2,3) might be adapted to this application. 
This modeling technique is discussed in numerous 
treatments of the scheduling topic (Ref.  1,5).  Many 
of the techniques uhich uere used in their problem 
formulation are applicable to this problem.  After 
reviewing the various treatments, an approach uas 
developed. 
The concepts presented by Pritsker, Matters, 
and Uolfe offer a solution to the problem of 
scheduling projects uhere resource constraints are 
■1 
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both present and variable uith time.  The concept 
treats each project as one entity uith the potential 
for numerous ]obs to be associated uith it. 
Consider the follouing variables and 
constraints uhich are part of the forging problem 
definition■ 
(1) There are up to 50 projects(pieces ) uith up 
to 5 jobs(forging cycles) per project. 
(2) Each job(forging cycle) involves up to 5 
steps.  These steps are preheat, heat, 
soak, oversoak, and forge. 
(3) Each piece has a unique heating time, 
soaking time, and soaking temperature. 
(*4) Each piece has a unique furnace loading 
factor as defined earlier. 
(5) There are nine furnaces in the pilot 
operation to be used for this study.  Two 
are specified for preheating uith the rest 
assigned to heating and soaking.  All 
furnaces are generally available unless 
doun for repairs. 
(6) There is only one forging press and it is 
scheduled only on certain shifts during the 
seven day planning horizon.  This 
scheduling is flexible. 
(7) Since forging operations can vary in length 
from 10 minutes to 4 hours, it is necessary 
to select a time unit uhich uill be both 
manageable for modeling purposes and 
accurate enough to produce meaningful 
results.  For purposes of this study 
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one-half hour (30 minutes) was chosen as 
the timo interval for scheduling purposes. 
This means that all scheduling uill be 
performed by rounding all activity times 
upward to completion at the end of a 
half hour time slot. 
Armed with-that information, the method of 
attack is outlined as follows: 
I.  Define an objective function to minimise the 
preheating and oversoak portions of each 
forging cycle. 
II.  Constrain the first job(forging cycle) for 
each project(piece ) to be scheduled after 
its arrival date and time but before its due 
date . 
III.  Constrain each project to completion during 
the time horizon.  Constrain each job to 
completion and establish precedence 
constraints to force jobs to be completed in 
proper sequence. 
IV.  Constrain each job stepCheat, soak, forge) 
to completion during the time horizon.  Set 
precedence constraints to insure that each 
step will occur in the proper sequence. 
Constrain each step to remain in the same 
furnace during the term of its cycle. 
V.  Constrain each furnace in terms of capacity, 
limiting it in the case of heating furnaces 
to either a heating or a soaking cycle 
during any one time period. 
VI.  Constrain the forging press to allow for the 
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processing of only one job per time period. 
These six steps serve as the entire detail of 
the program.  They seem workable at first glance, but 
upon detailed inspection, the following complexities 
become evident: 
(1) We are dealing with a planning horizon of 
seven days which is desired by shop personnel for 
planning purposes.  If a time slot of 30 minutes is 
selected to assure accuracy of results, the problem 
formulation will require 336 columns associated with 
each unique resource. 
(2) In defining all of the resource types which 
are a part of the pilot forging operation, we have 
(a) preheating furnaces, (b) forging furnaces, and 
(c) the forging press.  Both preheating furnaces can 
be considered as one resource type with a capacity 
of two.  Each forging furnace must be considered as 
a unique resource since it will be used for either 
heating or soaring during any given time period. 
The forging press must also be considered as a 
unique resource.  When all these resources are 
combined into the' tine slots we find that the model 
grows to 3024 columns(9 resources times 336 time 
slots).  This size begins to show signs of becoming 
unwieldy for most computer systems but is still 
manageable. 
(3) The main problem uncovered in formulation 
is that in order to provide the required constraint 
equations we find that the model has become larger 
than is feasible to execute on available computer 
systems.  The constraints which are required 
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include: 
o 1 for each project completion 
o 1 for each job completion and each 
precedence 
o 1 for each step completion and each 
precedence 
o 2 for a resource requirement constraint for 
each step.  (When a heating or soaking step is 
being scheduled, one equation needs to be 
provided for each furnace - one for the 
heating cycle and one for the soak cycle.) 
o 1 to calculate preheat and oversoak time for 
each job 
o 1 for the forging press resource 
o 1 to constrain each job step to restrict 
selection to only one resource during each step 
since the same furnace should be used for both 
the heating and the soaking cycles, 
o 1 for each forging furnace to restrict it to 
only one process(heating or soaking) during 
each time period. 
These constraints already amount to over 8000 
constraint equations if the capability to schedule 
50 projects is provided.  Even if this total were 
not over the limit of an available computer package 
the system uould be so close to the limit that any 
additional constraints brought on by logical changes 
in shop operating practices could force the program 
into a non-executable state. 
In addition to computational constraints, the 
mathematical programming formulation is unable to 
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give any consideration to soak temperature 
constraints when grouping orders into forging 
furnaces.  The value of this approach is the 
calculation of an optimal solution, however the 
problem will most likely be unsolvable using current 
computer systems.  It is apparent that the 
application of a mathematical programming technique 
could lead to infeasiblo solutions very frequently 
due to the nature of the shop workload.  Partial 
solutions would be desireable in those situations. 
Mathematical programming techniques work well on 
highly flexible, high volume production line 
scheduling problems.  This particular application, 
being of a job shop nature, shows little scheduling 
flexibility. f 
THE HEURISTIC APPROACH 
The alternative approach which is considered 
in this paper, and found to be a workable solution 
is a heuristic approach.  It uses the concepts of 
branch and bound and simulation techniques to 
individually perform furnace and press facilities 
loading on each project/job/cycle while maintaining 
the many operating constraints defined previously. 
This approach will not necessarily result in an 
optimal solution since an exhaustive search is 
not performed.  However, it will provide a clear, 
consistent, and logical furnace scheduling system 
which adheres to the shop operating policies, 
executes quickly, and can be expanded or modified 
easily as shop conditions change. 
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The approach is simple to describe and very 
flexible.  As uith the branch and bound concept, 
each project is processed in a logical order based 
on precedence rules (user selectable).  The 
precedence rule may be (1) first come, first serve, 
(2) priority based on due date, (3) priority based 
on processing time, or (4) priority based on product 
type.  Since the press schedule and the furnace 
heating schedules affect each other, one must be 
selected as the primary schedule and the other as 
the secondary schedule.  In this study, the press 
schedule uill be considered to be primary and the 
furnace schedules uill be secondary since the 
forging press is the scarcer resource. 
The heuristics are as follous■ 
I.  Establish the priority listing by which 
the shop workload is to be scheduled.  This is the order 
in which projects uill be scheduled.  By this process, 
projects close to the top of the list will have 
the most flexible choice of forging times and 
furnace space . 
II.  Process projects one at a time from the 
prioritised list. 
III.  Determine the earliest possible "ready-to- 
„forge" time for each project/job and attempt to slot 
it into the press schedule at that time.  If 
unsuccessful due to a conflict with another job, 
scan forward through the forging schedule until an 
open time period is found. 
IV.  Following a successful slotting, try to 
find a forging furnace uhich (1) has the capacity to 
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hold the current job, (2) is operating under heating 
and soaking cycles uhich are consistent with those 
of the current job, and (3) results in the least 
amount of oversoak. 
V.  Continue this process for each job of each 
project until all projects are processed. 
Accumulate the total oversoak and preheat times and 
print simulated results. 
VI.  If desired, a number of priority rules can 
be used and evaluated according to Steps I-V 
above until the most reliable rule for minimising 
preheat and oversoak is found. 
The structure of this heuristic approach is 
less formal than that required of a linear 
programming based solution, and therefore, virtually 
any necessary complexity of the shop operation can 
be included in the scheduling program.  An attempt 
has been made, houevor, to be prudent when selecting 
those operating procedures uhich should be included 
explicitly and those which should be considered in a 
cursory way. 
Included explicitly are (1) the preheat and 
oversoak furnace cycles defined by size and grade of 
the piece, (2) the forging press operation, (3) 
furnace capacity defined for each specific piece 
size and (4) the cumulative effects on heating of 
combining several pieces in one furnace.  Among the 
aspects of shop operation uhich are implicitly 
considered are die change times, material handling 
times, and auxiliary operations.  Die change and 
material handling times are factored into the 
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forging cycle times.  Auxiliary operations such as 
scarfing are omitted from program consideration. 
For this study, the FORTRAN IV programming 
language was used to develop the heuristic 
algorithm. 
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V.  SYSTEM DEVELOPMENT 
To begin the development of a heuristic 
scheduling procedure, it is necessary to innumerate 
the many logical constraints uhich are considered as 
part of the operating system. 
DATA USED TO DRIVE THE PROGRAM 
A.  Piece Characteristics Data 
(1) The study uill be conducted using the 
product mix and furnace configurations for one 
of the three forging presses ( 3 1 '< ) in the shop. 
(2) Each product uill be typed by ingot size, 
weight, and grade.  Sizes uill be recorded by 
type (CORR = ingot. BLOC = block, UPSE = 
upset, DISC = solid upset forging, RING = 
hollou upset forging) and by maximum diameter 
and length.  Weight combined uith size uill be 
used to define the physical size constraints 
of the piece.  Each size category has a 
furnace loading factor uhich defines the 
amount of space that the piece uill occupy in 
a furnace.  Grade and maximum diameter uill be 
used to define heating and soaking times.  All 
of this data is enumerated in a piece 
characteristics data file presented in 
Appendix A. 
(3) The furnace loading factors are a series of 
uell defined volume constraints that have been 
assigned to each piece configuration to 
explain the effective volume it uill occupy 
uhen being heated in a furnace.  This effective 
m 
volume is a function of real volume, length, 
and maximum diameter, as well as consideration 
of the strategy used for positioning it in the 
furnace, and the required positioning to 
i 
assure effective heat transfer.  These factors 
are also part of the piece characteristics 
data and included in Appendix A. 
(4) Forging times must be estimated by the user 
for each forging cycle uhich is to be 
scheduled.  These estimates should include 
consideration for material handling time to 
obtain the piece from a furnace and return it 
to a furnace. 
(5) All heating and soaking times, as well as 
furnace selection and start forge times can be 
manually input by the user causing the program 
to override the default values uhich are 
provided in the program tables.  This will 
provide the user with the flexibility to force 
certain pieces into special situations uhich 
might not be selected by the scheduling 
algorithm. 
Shop Operating Data 
( 1 ) The program is designed for a planning 
horizon of seven days.  This means that each 
time the program is executed it uill project 
the press and furnace schedules from current 
day and time for seven days into the future. 
The date, time (110380 0800) and associated 
shift of the ueek (1-21) are required inputs 
to the program.  These facts are required to 
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provide the program with a point of reference 
from which to begin scheduling and from uhich 
to base all previously scheduled pieces. 
(2) The forging press schedule of operation is 
defined to the program by shift.  Twenty-one 
shifts are provided to correspond with the 
twenty-one shifts in the planning horizon. 
The importance of the reference shift number, 
mentioned previously* is for use in selecting 
the starting reference point in this press 
schedule. 
(3) The shop furnaces are also defined to the 
program as part of the shop operating data.  A 
total of ten furnaces can currently be defined 
to the program.  Each furnace is defined by a 
two-digit furnace number, by furnace type 
(PRE=preheater, HOT=forging furnace), and by a 
twenty-one shift schedule of operation 
identical to the press schedule. 
(4) All furnaces are considered to have the 
same physical capacity. 
(5) The order in which the furnaces are input 
to the program is the priority which will be 
used when the program scheduling process is 
performed.  The program searches the—furnaces 
in the input order when attempting to slot a 
piece for each of its heating and soaking 
cycles.  If higher priority is to be given to 
certain furnaces which may be newer or more 
efficient, they should be listed at the top of 
the furnace input listing. 
«*3 
(6) In general, the tucnty-one shift standard 
input schedules are static schedules.  They 
need only be changed uhen the operating 
strategies of the shop change.  In most cases 
the shift reference number mentioned 
previously will accomplish the day-to-day 
schedule changes.  Major changes in scheduling 
such as a change from a ten shift operation to 
a 7 shift operation, etc., can be accomplished 
using this schedule modification procedure. 
This concept uill allou the user to test 
scheduling strategies in order to evaluate 
their impact on the total preheating and 
oversoak. 
The standard schedule defined for each furnace 
makes it possible for the program user to schedule 
a furnace down for individual shifts or extended 
periods of time.  This con be useful in defining 
maintenance shutdowns or equipment breakdowns to the 
scheduling program. 
C.  Shop Workload Data 
(1) Data defining the various orders which are 
to be included in the current shop workload 
for scheduling purposes should be listed in 
the order in which they are expected to be 
received.  If no alternate method for 
prioritising the pieces is provided, the 
listed order will be considered the "first 
come" order. 
(2) General data about each piece includes the 
following '• 
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a. - Scheduling priority (1-99; low to high) 
b. - Order number 
c. - Description 
d. - Heat number (defines the metallurgical 
quality of the steel used in this piece) 
e. - Arrival date and time 
f. - Due date 
g. - Forging press (to which this piece 
uill be sent for processing) 
h.  - Product types; 0 = miscellaneous 
1 = bars 
2 ~   shafts 
3 -   rotors 
M = discs 
5 = shells 
6 -   sleeves 
7 = block 
8 = ring 
9 = spindles 
j.  - grade; 1 = CrVMq 
2 = 185J stainless 
3 c 12X stainless 
M = standard carbon grades 
k.  - The number of forging steps to be 
performed on this piece.  This number 
must exactly match the number of job step 
entries uhich are to follou. 
(3) Following the general information is 
a listing of the details of each job step 
defined in (k.) above.  The information is to 
be a description of the piece prior to each 
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forging step and includes: 
a. Maximum diameter of piece (inches) 
b. Piece size category (CORR, BLOC. 
DISC, RING) 
c. Length (inches) 
d. Weight (pounds) 
e. Furnace number into uhich pieces 
will be slotted 
f. Sequence on forging schedule 
g. Forging time (hours) 
h. Heating time (hours) 
j. Soaking time (hours) 
k.  Start heat time 
m.  Start soak time 
n.  Ready to forge time 
p.  Start forge time 
Only items a, b, c, d, and g are required data. 
All other data will be selected from the file of 
piece characteristics data or uill be calculated by 
the program if not specifically input. 
Any entry uhich does not include the required 
inputs uill be bypassed and uill not be scheduled. 
(4) In order to cause the priority for 
scheduling to give priority to something other 
than the "first come, first serve" strategy, 
priority control is provided by selecting one 
of the follouing strategies; 
1 = in input order (approx.  first come) 
2 = user defined scheduling priority 
3 = product type 
4 = earliest due date first 
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5 = earliest arrival date first 
6 = greatest amount of heating and 
soaking time 
7 = largest number of forging steps 
The secondary priority for strategies 2 to 7 
uill be input order. 
EXECUTION CONCEPTS 
The basic concept of the heuristic algorithm is 
to slot each piece into the forging schedule and 
then find a forging furnace uhich uill accomplish 
the heating and soaking required for the piece to 
meet the schedule.  It uill be assumed that the neu 
piece can be slotted into the forging schedule 
anyuhere beyond the point uhich represents its 
arrival time plus its minimum required heating and 
soaking time.  The program uill test this "best" 
location (earliest start-forge time) in the furnace 
schedule for feasibility from a heating cycle 
standpoint.  If a feasible heating schedule cannot be 
found, the program uill test the next best location 
in *the press schedule, etc., until a feasible 
location is found. 
The process of slotting a neu piece into a 
furnace uill involve the testing of three factors1 
(1) physical capacity (2) the current heating cycle 
of the pieces in the furnace, and (3) the heating 
cycle required to meet the forging schedule.  When 
testing the addition of a neu piece into each 
furnace, the program uill test the cycle on uhich 
each furnace is operating (heating or soaking), the 
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physical capacity remaining in the furnace compared 
with the size of the piece, and the effect on the 
heating cycle of adding this new piece to the 
furnace. 
In order to enhance execution, all schedules 
are defined using a time matrix as the heart of the 
schedule.  This is an analagous to the matrix 
concept used in linear programming formulations. 
All schedules, the forging press and the 10 furnaces 
are defined as being 336 thirty-mmute time slots. 
Using this approach, the program is able to keep 
track of every piece, every furnace and the press 
during the entire seven day planning horizon.  This 
concept allous for easy modification of furnace 
heating cycles as may be required during execution. 
This could occur during the slotting process in 
order to "squeeze" a piece into the forging schedule 
through displacement of another piece by one or more 
time slots.  When a piece is displaced on the 
forging schedule, it may or nay not have an impact 
back to its furnace heating cycle.  Impact on the 
furnace heat ing cycle is the uorst case uhich could 
occur.  If heating cycles are to be rescheduled they 
may have an impact on another piece uhich is in the 
same furnace.  The situation uhich can permit 
forging schedule displacements and subsequent 
furnace cycle adjustment uill only be permitted if 
the furnace cycle adjustment results in the 
reduction or increase in oversoak.  No attempt uill 
be made to get involved in a potential snouballing 
schedule readjustment process.  In short, the 
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forging schedule will take precedence over the 
heating schedules. 
Once all pieces have been processed by this 
procedure, the result uill be output in a schedule 
oriented format.  If the user is satisfied uith the 
results he nay use any or all portions of them.  If 
he is dissatisfied, he may change the procedure 
parameters and rerun until acceptable results are 
produced.  It is suspected that each combination of 
products which occurs as part of the shop workload 
uill have different characteristics which nay demand 
different primary scheduling considerations. 
The FORTRAN IV program was developed in a 
modular fashion to facilitate future changes.  A main 
program provides the execution control function, 
calling for initialisation, processing, and output 
in that order.  As part of the initialisation 
function, subprograms INITL. MZERO. READIN are 
called to set initial data values, and read into the 
program all facility operating schedules and 
current shop workload. 
Processing is then performed through subprogram 
LOAD which initially loads the press and furnajces 
uith any initial user specified assignments.  Then, 
subprogram RUN xs   called upon to accomplish the 
scheduling of each remaining unassigned forging and 
heating cycle.  Unresolvable scheduling conflicts 
uill not halt program execution, but uill simply be 
noted as conflicts.  These conflicts can occur 
during both user specified initial loading and 
program generated scheduling. 
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FURNACE NO.  2 TYPE: HOT 
DAY: 1 
TIME ACTIVITY ITEM(S) 
M    ON OVERSOAK 3109 618 124L449VA1 92CORR 1 
N1400N HEATING 
*1400* REMOVE. 3109 618 124L449VA1 92C0RR 1 
N1400* ,.ADD... 3109  45 124L478VA 108CORR 1 
M1600N REMOVE. 3109  45 124L478VA 108CORR 1 
M1600M ,.ADD... 3109 622 123L293VA1 50BLOC 2 
HI700* ON HEAT 
N1800M HEATING 
M1800N .REMOVE. 3109 622 123L293VA1 50BLOC 2 
Miaoox ..ADD... 3109 618 124L449VA1 60BLOC 2 
N1900* ON HEAT 
DAY: 2 
TIME ACTIVITY ITEM(S) 
M   ON ON HEAT 3109 618 124L449VA1 60BLOC 2 
N 730* HEATING 
N 730* .REMOVE. 3109 618 124L449VA1 60BLOC 2 
N 730* ..ADD.. . 0   0 141L237VA 40BLOC 1 
M 830* ON HEAT 
N2300* OVERSOAK 
N2330* HEATING 
M2330M .REMOVE. 0   0 141L237VA 40BLOC 1 
N2330* ..ADD... 3109 634 124L486VA 69CORR 1 
DAY: 3 
TIME ACTIVITY ITEM(S) 
M    ON HEATING 3109 634 124L486VA 69CORR 1 
N 700N ON HEAT 
DAY: 4 
TIME ACTIVITY ITEM(S) 
X   ON ON HEAT 3109 634 124L486VA 69CORR 1 
N1630M HEATING 
N1630N .REMOVE. 3109 634 124L486VA 69CORR 1 
N1630N ..ADD... 3109 624 123L306VA1 50BLOC 1 
N1730N ON HEAT 
DAY: 5 
TIME ACTIVITY ITEM(S) 
N    ON ON rfEAT 3109 624 123L306VA1 50BLOC 1 
N SOON OVERSOAK 
N 830N ON HEAT 
N 830* .REMOVE. 3109 624 123L306VA1 50BLOC 1 
N 830* ..ADD... 3109 634 124L486VA 69CORR 1 
N1330N ..ADD... 0   0 123L307VA 108CORR 1 
Figure A-Example Furnace Schedule 
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The final program function is to output the 
results of the scheduling procedure in concise 
report formats.  These are done by subprograms PRNT1 
and PRNT2.  The first produces a listing of the seven 
day forging schedule as partially shoun in Figure 3. 
The second produces the furnace operating schedules 
for the seven days planning horizon as shoun in the 
example in Figure *4 .  Complete forging and furnace 
schedules are included in Appendices F and G, 
respectively. 
EXECUTION DETAILS 
In order for one to more fully understand the 
procedures which this program, uses it is necessary 
to discuss program execution in more detail. 
Appendix C contains a program execution flow chart 
at the subprogram level to provide a pictorial image 
of their relationships during execution.  Each of 
these subprograms and their function is specifically 
defined in Appendix D and a program information is 
provided as Appendix G. 
The first task to be performed by the program 
is the initialisation of all key variables and the 
inputting of all execution data.  Among the key 
values uhich are set include-' 
Maximum no. of pieces uhich the program 
can process 50 
Maximum no. of forging steps per piece 5 
Maximum no. of characteristic pieces sizes 50 
Maximum no. of scheduled eight-hour 
operating shifts uhich can be scheduled 21 
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Maximum no. of preheating and forging 
furnaces uhich may be scheduled 10 
Maximum no. of forging presses 1 
Most of the key execution data is acquired from 
external data files.  The characteristic pieces are 
read into the program from a data file.  This data 
uill be used to reference metallurgically specified 
heating and soaking times plus furnace loading 
factors.  The next data uhich is loaded into the 
program is shop operating data and shop uorkload 
data for the planning horizon.  As part of the shop 
operating data the program is given a 2 1 shift 
forging press schedule, enough to cover the total 
extent of the planning horison.  Up to 10 shop 
furnace operating schedules are then input in the 
same manner as the press operating schedule along 
uith each furnace number and furnace type.  Two 
furnace types, preheater (PRE) and forging (HOT) are 
the only acceptable entries.  The shop operating data 
is completed uith its specification of the shift 
uith uhich the program is to begin scheduling, and 
the date and time of that shift This schedule 
concept allous the shop to use the program to 
evaluate the impact of press operating schedules and 
furnace shutdouns on their ability to reduce energy 
consumption. 
In order to drive the scheduler uith a shop 
uorkload, each piece1 uhich is to be scheduled during 
the specified time horison is listed in a file of 
uorkload data.  Each piece is defined, as discussed 
previously, including general information and 
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forging step details.  Where the forging step details 
are specified, the program uill use it in place of 
standard specifications.  This capability uill 
provide the user with the ability to specifically 
assign a piece/cycle to a specific furnace, and 
special heating, soaking, and/or forging times as 
may be required in certain situations.  The model 
uill consider any such entries as a part of the 
initialization of shop conditions.  This capability is 
important in cases uhore a special situation not 
included in the scheduling program arise.  Special 
situations might include a unique piece size, an 
unusual heating or soaking cycle, or a rush job 
uhich demands expediting, etc.  It is recognized that 
these situations do occur and provision uas required 
for them, houever, it must be pointed out that 
excessive use of this "override" capability uill 
tend to defeat the purpose of the scheduling 
program. 
The internal structure of the program roughly 
approximates the data matrix used by a linear or 
zero-one programming problem formulation.  Each 
facility, including the forging press and all 
furnaces, has its planning horizon broken into 336 
thirty-minute time slots (7 days x 48 times slots 
per day).  This structure makes it possible for the 
program to keep track of every piece# every furnace, 
and the forging press during every time period 
included in the planning horizon.  A duration of 
thirty minutes uas selected for each time slot as a 
compromise.  Furnace heating cycles in this type of 
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forging operation tend to vary between 10 and 48 
hours, usually in one hour increments, uhile forging 
operations vary between 0.1 and M . 0 hours in tenth 
of an hour increments.  In order to create a 
realistic schedule for forging, but still maintain a 
manageable program sine, the selection of a thirty 
minute a slot was arbitrarily made. 
Following initial loading, the scheduling 
algorithm begins by processing all remaining 
unscheduled orders and their forging cycles 
according to the precedence rule which was input by 
the user in the program control data.  The priority 
order is created by sorting the remaining orders and 
processing them, one by one, in their new 
prioritised sequence. < 
Each order is processed by first calculating 
the earliest possible ready to forge time which it 
can achieve based on a minimum heating cycle. 
Testing the forging schedule for a vacancy is then 
performed and if a vacancy exists, a search for is 
made for a forging furnace to meet the heating 
requirements.  If all checks produce positive 
results, the order is slotted.  If any check 
produces negative results, the search of the forging 
schedule is continued until a position is found 
where both treating and forging requirements can be 
met.  The algorithm continues to process each order 
and its forging steps in the same manner.  Each 
step, when processed, establishes its minimum 
heating time and earliest possible ready to forge 
time based on the previously slotted forging cycle, 
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or arrival date uhen no previous cycles exists. 
The search of the forging schedule is done from 
the earliest possible ready to forge time through 
the end of the planning horizon.  Each feasible 
forging slot is tested.  This procedure results in 
the earliest feasible slot being selected.  No 
attempt is made to reslot any previously slotted 
orders during the slotting of subsequent orders.  It 
is assumed that the prioritization process is used 
to establish the importance of each order, and 
therefore processing without reslotting supports the 
precedence relationship. 
When selecting the heating furnace, 
consideration is given to heating cycle adjustments 
to accomplish slotting prior to tagging a particular 
furnace as an infeasible selection.  This is a 
complex process of matching the heating and soaking 
cycles of all pieces already assigned to the given 
furnace and the piece currently being tested.  While 
it is considered infeasible to modify the scheduled 
forging time of any previously slotted piece/cycle, 
if the heating and soaking cycles of the furnace in 
which they reside can be adjusted to accomodate the 
current piece/cycle, then this is considered a 
feasible selection.  Every selection will have a 
calculated total oversoak associated with it.  When 
choosing among all feasible furnaces, the algorithm 
selects the one which minimises oversoak.  The 
current piece/cycle is then slotted into the best 
choice among those which are feasible and the 
heating and soaking cycles of each piece therein are 
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updated. 
In some cases, a piece/cycle uill be infeasible 
even after a complete search through the entire 
forging schedule.  Those infeasibilities are similar 
to those which occur in standard mathematical 
programming algorithms where the end result would be 
no feasible solution.  By this heuristic approach, a 
solution is rendered and only entries which were not 
slotted are reported as infeasible.  The entire 
problem is not ruled infeasible.  It is expected 
that infeasibilities uill only occur with order 
cycles late in the planning horizon and that these 
will be resolved on a subsequent day's run of the 
scheduling program.  After processing all orders, 
the program reports on all pieces which could not be 
slotted as well as those which will be preheated and 
oversoaked.  A concise report (covering the entire 
planning horizon) is output, including the forging 
press schedule and the heating schedules of all 
furnaces. ^ 
It is expected that all infeasible piece/cycles 
uill be resolved in subsequent execution of the 
algorithm from day to day.  The accuracy of the 
schedule is most assured during the earliest days of 
the planning horizon where the most confidence can 
be placed in the accuracy of the of the expected 
order arrival times.  As each week progresses, 
infeasible piece/cycles should be resolved as they 
become higher priority on the workload schedule. 
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VI RESULTS AND DISCUSSION 
The development of this project has resulted in 
a scheduling algorithm which can be applied to 
highly interactive forging press/forging furnace 
operations. The algorithm is currently being 
prepared for testing by Bethlehem Steel Operating 
Department personnel to determine the most 
effective scheduling priority scheme to use under a 
given set of shop circumstances.  The 
implementation of the procedure for use on a daily 
basis will be pursued using interactive data base 
techniques. The the many shop operating 
complexities which significantly affect scheduling. 
The program as described in this paper was 
constructed and run on an IBM 370 computer. There 
are approximately 1700 lines of Fortran Source Code 
which execute a one-week schedule in less than one 
minute. The program makes use of the bookkeeping 
concepts of mathematical programming but processes 
transactions according to user specified priority 
rules to arrive at a suboptimised forging schedule 
and furnace loading scheme. The key parameters 
which can be used to measure the results of each 
program run are the amount of time which orders 
spend oversoaking and preheating, and the 
utilisation of the forging press. 
The utilisation of the forging press-is 
directly related to the amount of oversoaking 
which is produced by the scheduling process. The 
scheduling system which has been developed does not 
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permit pieces to be undersonked.  Undorsoaking will 
be scheduled if forced on the program by user input 
While it is desirable to produce no undersoaked 
cycles, this restriction has' a significant impact 
on forging utilisation and in practice is knoun to 
occur. 
The minimization of oversoak can be directly 
related to reduced energy consumption. The goal of 
optimum scheduling is to minimize the use of this 
unnecessary cycle. During the oversoak cycle, 
orders are being held in a forging furnace at 
forging temperature in excess of the soaking time 
required by metallurgical specifications. Refer to 
Figure 1 for energy consumption of the various 
portions of the heating and soaking cycles. By 
effective scheduling of the press in relation to 
the forging furnace cycles, and by careful grouping 
of orders uith similar heating cycles into the same 
forging furnace, the benefits of efficient furnace 
scheduling to reduce energy consumption can be 
realized. 
A straightforward and concise decision variable 
is not provided to measure the results of each 
schedule program run. The quality of the schedule 
is a function of both furnace oversoaking and 
forging press utilization. The user will need to 
weight the value of each in order to come to a 
conclusion about the best schedule. Results may 
be dynamic, varying uith shop level of business. 
Therefore, the scheduling algorithm is designed for 
guidance rather than control. 
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Manual modifications to account for abnormal 
conditions uithin the forging shop will need to 
occur from tine to time in evaluating program 
results. Many of the minor abnormalities are 
considered implicitly in the program. The use of 
30 minute time slots results in all forging and 
furnace cycles lasting a minimum of 30 minutes. All 
cycles which utilise fractions of 30 minute times 
slots are rounded up to next even number of full 
slots. This rounding up results in many of the 
abnormalities being absorbed in the slotting 
process. Only major abnormalities will require 
manual adjustments by the user. 
The testing which is currently in progress with 
the shop is directly at (1) determining the 
significance of computerised scheduling compared 
with traditional manual procedures and (2) choosing 
the best prioritization rules to accomplish the 
efficient scheduling under a variety of operating 
conditions.  Each of the enumerated priorities, as 
defined previously, is to be tested at both a high 
and a low period of operation and compared 
with manual procedures. Table 3 shows the results 
of those tests.  Aditional testing at a variety of 
different operating levels is necessary since 
optimisation is not guaranteed by the program. It 
is anticipated that continued use of the program 
will result in a better overall scheduling process 
than is currently possible.  There is the 
realization however, that it may be possible to 
find selected schedules which are better than the 
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1                 TEST PERIOD 
1     ACCUMULATED PREHEAT AND OVERSOAK 
1            1                    HOURS 
1  SYSTEM  I       PERIOD »1              PERIOD »2 
I PRIORITY I PREHEAT I OVERSOAK I PREHEAT I OVERSOAK 
I      1     I   638   1     100    I    222   1     10 
1      2     1    638    1     100   I   222    1     10 
I      3     I    <462    I     103    I    181    I      0 
1     <4     1   638   1     100   I   222   I     10 
I      5     I    494   I     102    I    169    1     12 
1      6     1   528   1     98   1    176   1     0 
1      7     1   U80   1      98   1    155   1     0 
1  ACTUAL  1     NA    1     663    1     NA    1    261 
| | | | |  
Table 3 - Results Matrix 
} 
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I FACILITIES UTILIZATIONS 
I PERIOD #1 PERIOD * 2 
I I    FURNACES     I I    FURNACES 
SYS  I PRESS I PRE    I FORGE I PRESS I PRE I FORGE 
PRIOR I UTIL I UTIL  I UTIL  I UTIL  I UTIL I UTIL 
1 I .98 I        .86       I        1.54    I .73       I        .43 I 1.01 
2 I .98 I        .86       I        1.54    I .73       I        .43 I 1.01 
3 I .99 I     1 . 24       I        1.941 .71       I        .49 I .75 
4 I .98 I        .86       I       1.541 .73       I        .43 I 1.01 
5 I .96 I    1.06       I       1.80    I .67       I       .59 I .96 
6 I .93 I        .97       I        1.931 .72       I        .54 I .71 
7 I .93 11.00  I  1.831 .70  I  .55 I .70 
ACTUALl DATA  WAS  NOT  AVAILABLE I 
NOTE'  Utilization data are in terms of equivalent 
operating units. 
Table 4 - Press and Furnace Utilization Statistics 
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program generated schedule.  Houever, it must be 
stressed that optimisation using standard 
techniques uas deemed to be feasible due to the 
size of the problem and all possible schedules are 
not evaluated using this procedure. 
There are several factors which should be used 
when evaluating the results of this scheduling 
algorithm.  They include (1) the number of orders 
processed within the scheduling horizon, (2) the 
press and furnace utilizations, and (3) the amount 
of preheating and oversoak produced by the schedule. 
Each of these key factors are important to the 
selection of the best schedule. 
In the test period cases, each of the available 
scheduling priority rules were evaluated and the 
results tabulated.  In all the tests, the forging 
press uas assumed to be available five days 
(sixteen hours per day) and each scheduled furnace 
uas available for the entire seven day planning 
horizon.  The number of furnaces scheduled 
duplicated the number that operated during the 
actual historical period. 
Tables 3 and 4 include the results of the 
evaluations that uere performed on the test data. 
Table 3 contains traditional statistics uhich are 
generally used by the forging shop to evaluate 
their operation.  Included are the total hours of 
preheat and oversoak. Table 4 contains utilization 
statistics for the press, the preheat furnaces, and 
the forging furnaces.  These can be used along uith 
the traditional statistics to evaluate the 
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effectiveness of each potential schedule. 
The two test periods that uere evaluated 
account for both high and lou workload conditions. 
In the first period a high workload condition 
existed and during the second a lou workload 
condition was present.  In both cases, all orders 
were scheduled within the time horizon by at least 
some of the priority rules.  Not all rules were 
successful at slotting every order.  Rule 5, 
earliest arrival date, and rule 6, greatest amount 
of heating and soaking time, both missed by a few 
pieces in period 1 though they were successful in 
period 2. 
Scheduling priority rule 7, largest amount of 
total forging time, was most consistent at 
scheduling the pieces produced during the actual 
historical periods.  It also demonstrated good 
statistics relative to the other rules in the 
categories of total preheat and oversoak (see Table 
3) . 
In terms of utilisation statistics some rules 
uere able to schedule more pieces than had been 
scheduled during the actual historical period. 
Table 4 shows utilisation statistics for the two 
histroical periods using each of the scheduling 
priority rules.  These statistics show that rule 
number 3 has maximised press utilisation, while 
rules 1, 2, and <4 have minimised the utilisation of 
furnaces.  Since actual utilisation data was not 
readily available, no comparisons are made. 
These statistics can, however, play a key role in 
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future decisionmaking when using this scheduling 
algorithm. 
There is no one statistic which is most 
important.  Each must be weighed in the balance 
with the others until an acceptable concensus 
opinion can be reached. 
In addition to the value of this algorithm as a 
daily scheduling system, it is capable of 
evaluating shop operating policy decisions through 
its input feasibility and forecasting nature.  The 
tool becomes a short term planning tool.  Some of 
the shop operation variables uhich can be tested 
include; press and furnace operating schedule 
changes, furnace selection priority based on 
efficiency, forced assignment of certain orders to 
specific furnaces, and user assigned start forging 
times. 
Since the operating schedules of the various 
facilities play a key role in the ability of the 
shop to schedule the workload effectively, the 
program was designed with a 21 shift, (7 days 3 
shifts per day) user specified operating schedule 
for the forging press and each shop furnace. By 
modifying the availability of the forging press 
the user can test various operation schedules to 
find the one which is most responsive to the 
current workload. Likewise, the schedules of each 
of the shop furnaces can be varied to schedule, 
furnaces down for repair or unavailable for the 
entire planning horizon. This procedure will allow 
the user to temporarily eliminate certain furnaces 
65 
from activity in order to evaluate the impact on 
the forging schedule . 
The input list of shop furnaces is prioritised 
from top to bottom in the order the user wishes 
them to bo tested during the furnace selection 
process. This capability allous the user to 
differentiate the more efficient furnaces from the 
less efficient by inputting them near the top of 
the list.  By modifying a furnace capacity and 
heating efficiency, a new furnace can effectively 
be created and a capital project evaluation 
performed. 
Finally, the program provides the user with one 
more degree of flexibility by allowing him to force 
certain workload assignments. On input, the user 
may choose to let the program assign all cycle 
times from a metallurgical specification data base 
or he can override the defaults by inputting 
specific data for certain items on the shop 
workload database. In order to override any data, 
the user simply inserts the data into the data base 
prior to program execution. Providing a furnace 
assignment will-cause an item to be forced into 
that furnace during processing. Specifying a 
forging time will cause the place to be forged as 
close to that time as possible. 
These flexibilities are included in order to 
provide the user with program control for planning 
and special situation processing. It is expected 
that indiscriminate use of these flexibilities 
will result in the degradation of the scheduling 
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algorithm and the user should make every effort to 
hold special case inputs to a minimum. 
It is clear that a significant improvement 
can be achieved in scheduling forged steel products 
using this scheduling algorithm based on 
traditional statistics.  Further evaluations are 
being pursued uith forging shop personnel and 
installation of this system for daily scheduling 
will be attempted . 
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VII. CONCLUSION AND 
SUGGESTIONS FOR FURTHER STUDY 
The development of this project has resulted in 
a scheduling algorithm which can be applied to 
highly interactive forging operations. While it is 
not highly sophisticated in design, it is straight 
forward in application and provides the desired 
flexibility for operating personnel to use it as an 
aid in forging press and furnace operations 
scheduling. 
In a less interactive operation, many of the 
techniques for optimisation would be very 
effective. In this situation, they could be 
extremely effective if the computer facilities were 
available to execute such a program. 
There are a few directions which should be 
investigated in order to enhance the work of this 
study. Continuing the pursuit of an optimization 
formulation is one direction. If not the 
formulation specifically, then a means by which to 
simplify the definition to make it manageable 
without causing any loss of accuracy. Perhaps the 
definition is not the problem as much as finding a 
satisfactory technique for formulation and 
solution. 
The second direction which may be worth 
pursuing is the enhancement of the heuristic 
priority rules which are used for problem solution. 
Exhaustive investigation and quantification of 
68 
these rules could be pursued. The heuristic could 
be further enhanced to include the testing of a set 
of press and furnace scheduling rules as part of an 
iterative process. 
Finally, if this project has developed as 
acceptable daily set of press and furnace 
schedules, a logical extension of the project 
might be in the area of automatic furnace controls. 
If this algorithm can pass the scheduled furnace 
operation characteristics to a process control 
computer, such a computer could be used to 
automatically control the scheduled furnace cycles. 
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11111111010000000000  ; OUTPUT PRINT CONTROL 
1    STHIS LINE DEFINES THE PRIORITY RULE TO BE USEO FOR THIS RUN 
1    JTHIS LINE OCFINES THE FIRST SHIFT TO BEGIN SCHEDULING 
1103Q0 0000     STHIS LINE DEFINES DATE TIME OF THAT SHIFT S 
110380 0800     JTHIS LINE DEFINES DATE AND TIME OF THIS FILE UPDATE 
;THE FOLLOWING IS THE 6inc rui UHinu
110 110 11 
THE FOLLOWIN 
11 )T 
5T 
WT 
it of    .: 
PRE : 
0   1 ns? rvm i CHEDULEI1=UP,0=DOWNI FOR 21 TURNS 
■URNftC! TING. TYPE. AND OPERATING SCHEDULE 
;: ;: 
■ ■ 
0 0 0 H 0 0 d 0 0 0 0 0 0 0 0 
;THIS LINE IS FOR USER DOCUMENTATION 
THIS IS THE VJCPKLOAD DATA FILE; EACH ENTRY IS CCMPRISEO OF: ill  A HEADER RECC-D (2) VARIAdLE NJ. Or FORGING STEP RECORDS 
(1) •• THE HEADER RECORD <•• 
ORDER*  DESCRIPTION   HEAT8 
00 3109-622 RING 123L293VAl" 
IVAL    DUE    5 P SOAK 0 P 
DATE/TIME   DATE   S E TEMP E S ARR !
I02660l630 112080 14 8 2250 4 4 
n 
(2) *» THE FORGING STEPS •• 
A  S  N 
76CCRR 
5CBLOC 106 
96DISC  40 
lOlRINS  40 
F 
WT.  E 
123460 6 
27 
FORGE  HEAT 
"I'.V    576 
SOAK 
"676 
TIMES -  START    ON START 
HEAT  HEAT  REAOY  FORGE 
0.0 0.0 0.0 
546LOC 1?4 
78UrSE 
59BLOC 1 2.7 
0-! 
3109-5S0 DISC 124L439VA1   1031601750 112080 14 4 2250 4 1 
I 1360ISC  10  85140 3  2    .4 2.2 
3109-618 TURB ROTOR 124L449VA1   1023801630 112080 14 3 2250 4 4 
??CORR ._. 185940 2  3  1.5 3.3 
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3J09:619 POTOP *-* >.- 123L300VA 92CCPP 189360 5 <*       1.4 
53BLQC 174 3 15    .2 
7eUf-3I 65 3 26    .4 
 OC 142 3 41   1.6 
3LOC 209 
1030801640 112080 14 3 2250 4 5 
22.0  24.0   0.0   0.0   1.5 
il:l !!:i 4 96 
102. 
1:1   ll 
3109-§78_BARS „ _ .  . 124L452VA 
62COPP     103100 3  2    .<; 
99.8  103 
1031801640 112080 14 1 2250 4 1 
3109-604 POTOR OISC   123L294VA1 
1  62CCPP     60620 5  6    .7 
5  720ISC  25       5 22    .4 
;ITEM CUT FPOfl 123L?°4VA1 - CHLY ItJOEPEKOENT SUP INPUT HE 
3109-545 fcOTCS OiSC   123L294VA2   1104800610 112080 14 
I  7201SC  25       5 22    .5 1.5 
1030801640 112080 14 4 2250 4 3 
14.0   1J.0 
PE 
4 2250 4 1 
3109-638 CYL. SHELL 
I 136060 
125L497VA 112080 14 5 2250 4 3 
9 7.'8 
102.5 
9.8 
m 
50.6 
51.4 
3J09-635 SPINDLE OISC 124L474VA 
1 ZfCORR    154200 3 6  1.1 
2 50BCOC 8* 21    .1 
3 SlOlSC  32 24    .6 
3109-626 CYL. SHELL   123L303VA 
1  69C0RR     108740 3  9    .3 
3109-616 ROTOR 
155330 
3J09-046 TURB. SHAFT 
lpeCCRR .__ 312550 
3109- 
60BLOC 258 
50BLOC 392 
,17 TURB. ROTOR  122L231VA 
76CCRR     134635 6 15   1.1 
47BLOC 151        3 19    .1 
67UPSE  57       3 31    .6 
45BAU  169       5 35  r.6 
1031801615 112080 14 4 2250 4 3 
1031801615 112080 14 5 2250 4 3 
112080 14 4 2250 4 4 
1028801600 112080 14 2 2250 4 3 
30.0   30.0   0.0 0.0   3.0 
6.0   14.0   36.0 48.5   61.1 
0.0   11.0  62.7 65.2  63.0 
1028801630 112080 14 3 2250 4 4 
16.0   24.0    0.0    0.0   20.7 
3 
CHECK POSSIBL 
3109-620 ROTOR 124U79VA 
48 
K 0380 
48. 
59. 
60. 
2000 14 3 2250 4 2 
ll: 74. 
?OD. PEFCI 
11 < 
111 
SI E  SHOP TPA»JccPlPfiON EPROR.ON PR P.' FCRTJ4?J. 
109-57.  _. 
I    62COPR 
3109-045 TURB. SHAFT  124L478VA 
1 108CCRR     300240 2 3ft   1.5 
2 606LOC 249 4 7   3.9 
188740 
3 - 8_BARS        122L239VA    1104801630 112080 14 1 2250 4 1 
105210 6 34   1.0 13.0   36.0 40.0 61.0 
1103801425 112080 14 2 2250 4 3 
12.4 
13.7 
34.0 
61.1 
83.0 
59. 
60.1 
62.1 
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5! 
109-565 SHAFT 
1 10CBLOC 112 
2 976 OC 215 
NEXT P ECE EXT 
09-6 
46R 
46PJK 
110380.1655 112000 14 2 2250 4 2 
29.0   ?<».0    8.9   21.0   50.0 
25.0  127.0  160.0  165." 
122L215VA1 
481690 5 37   3.1 
5 50   5.1 
„ ,  ENDS DEiC'O SCHEDULE 
SLEEVE       iciLlllbl    1107801710 112060 14 6 2250 4 
N3 46     16 3 44    .1 145.0  166.5 
0
2» 
66 
NEXT'PIECE EXTgNDS'DEYOKO SCHEDULE 
3109-634 SPII.3L        
69C0PR 
EXT PIECf 
09-634  Sf 
[06045 ii.4L4boYA 65 1104801630   112080   14   9  2250  4  Z* 
EXTENDS BEYC^.'O   SCHEDULE;   CHI 
It.DLE 125LS27VA 11061 Ir  10599S •«6 
CK HEAT NO. L' 
0     112000 ! 
22 VS 
4 9 2 ^247 2» 
NEXT PIECE EXTEf'CS DEYC'-'O SCHEDULE 
3109-676 PlHlCN/GEt9  121L116VA    1106801710 112080 14 0 2250 4 2* 
1  62CCRR     6>230 5 51   0.4   14.0   13.0  127.0  160.0  173.0 
NEXT PIECE EXTENDS BEYO'.'O SCHEDULE 
3169-624 ROLLER       K3L30oVAl   1106801710 112080 14 0 2250 4 2» 
1  62CCRR      93165   52   0.5 
3EXT PIECE EXTENDS BEYC'tt SCHEDULE 
109-624 CfL, HEAO    123L3C6VA1 
I  45t>L0C  94 0.5 
LIMITED DETAILS 
00 NEW ARVL =1  14U237VA 
JEW ARRIVALS 
JOO-0 . ..,  .
4GJJL0C     56793   33   0.5 
HEW ARRIVALS -- LIMITEO DETAILS 
0000-000 NEW ARVL »2  123L306VA 1
  69CC-R      ?4500 6       .4 
ARRIVALS -- LIMITED DETAILS 
23L307VA 
0 OXTAILS 
25LS22VA 
HEM    TJ 
00  HEW  ARVL  »3 
0£CC'R 267nt>0 
"RIVALS  --   LIMIT 
oooo- 
NEW* 
ILS 
VA 
0000-000 NEW ARVL 
1 132770 
EW A°RIVALS -- LIMITEO DETA 
"" 000 NEW ARVL S5  K2U42 
4fiCG~R     442 30 4 
XJ ARRIVALS -- LIMITEO DETAILS 50-000 HEW ARVL Vt>     122U42VB 
4£CC5R      64230 4 
EW ARRIVALS -- LIMITED DETAILS 
0000-000 NEW ARVL S7  141L233VA 
1  403LCC     54715 4 
HEW A°RIVALS -- LIMITED DETAILS 
OpOO-pOO HEW ARVL S3  124L529VA 
1  69CC5R     1436*0 6 
NEW APPIVALS -- LIMITED DETAILS 
OpOO-OOO NEW ARVL S9  142L339VA 
I 40BLCC     55062 4 
NEW ARRIVALS — LIMITED OETAILS 
5169-633 SUPP.PLATE   I22L245VA 
1 i06C03P     307<580 6      1 .6 
HEW AORIVALS -- LIMITED OETAILS 
OpOO-000 NEW-ARVLSIO  123L313VA 
1  92COSR    195530 6     1.1 
; CUT FRCM ROLLER ABOVE hooeomo ii2oeo 14 0 2250 4 z* 
1104800800 112080 14 0 2250 4 1* 
1105800800 112080 14 0 2250 4 1* 
1106800800 112080 14 0 2250 4 1* 
1106800800 112080 14 0 2250 4 1* 
12-PPESS 
1106600300 112080 14 0 2250 4 1» 
12-FPESS 
1106800800 112080 14 0 £250 4 I* 
1106800800 112080 14 0 2250 4 I* 
1109800800 112080 14 0 2250 4 I* 
1109800800 112080 14 0 2250 4 I* 
1110801330 112080 14 0 2250 4 I* 
1110801330 112080 14 0 2250 4 I* 
75.7 
194.6 
168.0 
197.6 
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SUBPROGRAM FLOWCHART 
MAIN 
I 
INITL 
I 
MZERO 
I 
READIN <==> TTIME 
I 
<==> ISCHED 
<==> SETSZE 
I 
LOAD 
MPRNT 
RUN 
MPRNT 
<==> COLCT <==> LDFCE <==> MATCH 
<= = > ERROR ( 100) 
<==> ERROR (800) 
<==> SET 
<==> PSORT 
<==> PROC  <==> SETATR 
<==> SETWK 
<==> ERROR (600) 
<==> FFORG <==> ERROR (200) 
<==> SLOT  <==> ERROR (300) 
<==> CYCLE 
<==> PREHT  <==> ERROR (500) 
<==> FCYCLE <==> ERROR (400) 
PRNT1 <==> DDATE 
I 
I     <==> PRNT3 
I 
I 
PRNT2 <==> UTIL1 
I 
I 
EXIT 
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PROGRAM AND SUBPROGRAM DESCRIPTIONS 
PROGRAM MAIN - the main program is used to control 
job execution by calling initialisation 
subprograms to read in execution data, 
processing the input data according to input 
specifications and printing reports. 
READIN - called by MAIN to read all operating 
schedule and workload data. This program 
controls the loading of master workload arrays 
in core. All workload data that is missing on 
imput are set to default values in this 
subprogram. 
ISCHED - is called by READIN to transform operating 
schedules, as input by the user, into schedules 
relative to the beginning of the shift which is 
to begin the current scheduling run. 
LOAD - called by the MAIN program to load forging 
adn furnace matrices with any initial workload 
data which was input. Only items of the 
workload data which have a predefined furnace 
assignment are initially loaded. 
INITL - called by the MAIN program to read into 
core the piece characteristics data base. This 
is the data which acts as default values for 
missing workload data. 
TTIME - a utility program which is used to convert 
a date and military time into a time in hours 
measured from the start of the current 
schedule. 
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DDATE - a utility program used to convert time in 
hours into a date and military time; used 
primarily for printing purposes. 
COLCT - Utility program called by LOAD to perform 
the actual loading of the forging workload 
array. 
LDFCE - Utility program called by COLCT to complete 
initial loading of furnace workload arrays. 
MATCH - This function subprogram is a utility 
called by numerous programs to test for 
compatability of tuo furnace cycles, (ex. 
current piece needs to be soaked, current 
furnace bin being checked is on oversoak. These 
tuo cycles are compatable.) 
MZERO - Utility called to set the value of all 
variables in COMMON/MATRX/ to :ero. 
FTYP - This function subprogram is called when it 
is necessary for a program to decode the 
furnace type (preheater or forging) of a 
particular furnace. 
MPRNT - called by the MAIN program at selected 
points during execution to print a graphic 
report of forge and furnace loading. 
SETSZE - Utility called by READIN which establishes 
a size   category for each piece being processed. 
This sise category points the program to an 
entry on the piece characteristics data base. 
PRNT1 - called by the MAIN program to print the 
forging schedule report. 
PRNT2 - called by the MAIN program to print the 
furnace activity schedules. 
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ERROR - Utility subprogram called at numerous 
places to report error conditions uhich 
occurred during program execution.  Error codes 
define the routine in which the error occurred. 
The following is a listing of the calling 
routines:  Error Codes 100-199 called in LDFCE 
200-299 FFORG 
300-399 SLOT 
400-499 FCYCLE 
500-599 PREHT 
600-699 PROC 
700-799   
800-899 COLCT 
RUN - called by MAIN program to control the 
slotting process.  This program establishes 
work arrays, controls sorting accord ing to 
user input priority, processes pieces one at a 
time . 
PROC - called By RUN to monitor the slotting 
process of each piece. 
FFORG - called by PROC to search for an acceptable 
slot on the forging schedule to the current 
piece . 
CYCLE - utility subprogram which retrieves the 
cycle of a particular furnace during a 
specified time period. 
SETWK - utility called by PROC to reset work arrays 
after processing of the current piece has been 
completes. When a change occurs in the 
processing of any forging cycle, this routine 
updates the remaining cycles to reflect the 
84 
change. 
SLOT - called by PROC to try to find a furnace into 
which to slot the current piece, such that it 
is able to meet its forging schedule and all 
other pieces in the selected furnace remain on 
schedule. 
FCYCLE - utility called to adjust the values of 
internal matrices which keep track of forging 
and furnace utilisation.  This routine performs 
the mechanics of adding a piece to a furnace. 
PREHT - called by SLOT if a preheating cycle is 
required for current piece. This routine 
searches for a preheating furnace into which 
the current piece can be slotted. 
UTIL1 - utility called by PRNT2 to retrieve from 
internal program matrices, the pieces which are 
currently assigned to a given furnace/during a 
specified time period. 
SET - called by PROC to set the values of internal 
work arrays prior to processing. 
PSORT - called by PROC to control the 
prioritization of current orders. 
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VARIABLE DEFINITIONS 
Variables Listed in Common 
CNTL 
NTERM 
NF1 - 
NCRDR - 
NPRNT 
IECHO 
I/O device - reference to terminal as . 
reference to shop schedules and 
workload file 
reference to piece characteristics 
data 
reference to printer 
array of output control indicators 
input 
\ 
set on _..-__
ISHIFT - first shift to be scheduled - (1-21) 
ISHDL - dummy 21 shift schedule 
IERR - program error counter 
NF2 - work file for sorting 
scheduling 
scheduling 
hours from 
B. STATUS 
NDATE - current date to start 
NTIME - current time to start 
TNOW - above date and time in 
TZERO 
TDELTA - time difference between TNOW 
and TZERO 
TZERO - time :e:o set date and time below 
LDATE - date of last update to workload file 
LTIME - tine of last update to workload file 
MXPCS - maximum no. of pieces allowed in 
program 
C. ITEMS 
IMAIN - 
ISUB - 
IDESC - 
IHEAT - 
IRCVD - 
IDUE - 
IPRSS - 
ITYPE - 
ITEMP - 
IGRAD - 
ISTEPS 
ISIZE - 
JSI.ZE - 
IFCE - 
ISEP. - 
FORGT - 
HEATT - 
SOAKT - 
STRHT - 
main 
sub-o 
desc 
melt 
date 
due d 
pre s 
prod 
soak 
me ta 
- num 
orde 
poin 
for 
ac tu 
f urna 
f or gi 
esti 
heat 
soak 
star 
.pt 
;ho 
ord 
rder 
ri 
s 
rec 
ate 
5  tO 
UC t 
tern 
llur 
ber 
r 
ter 
each 
al i 
ce a 
ng s 
mate 
ing 
in g 
t he 
er number 
number 
ion of ordered product 
p heat number 
e ived 
which order is assigned 
type 
perature 
gical grade 
of forging steps on this 
to piece characteristics file 
order 
nput size of each forging step 
ssignment for each step 
equence number 
d forging time 
tine 
time 
ating time 
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ARRVE - arrival time (ready to start heating) 
ONHEAT - start soaking time 
READY - ready to forge time 
SCHD - start forge time 
FURN 
MXFCE - maximum number of available furnaces 
IFN - actual furnace number 
IFTYP - furnace type 
IFSHD - furnace 21-shift schedule 
INFCE - matrix of furnace contents during 
each time slot 
E. INIT 
ISTAT - printing control data 
IFT - printing control data 
IDAYS - number of days in each month 
of the year 
IIGRD - printing control data 
F. PCHARS 
IPTYP 
IISZE 
WTMIN 
WTMAX 
LENMN 
LENMX 
FFVOL 
HHEAT 
SSOAK 
TTEMP 
G. HATRX 
characteris tic 
characteristic 
character is tic 
char ac tens tic 
char ac tens tic 
characteristic 
characteristic 
consumed 
characteristic 
charac tens tic 
characteristic 
size type 
size 
maximum 
maximum 
minimum 
maximum 
furnace 
weight 
weight 
length 
length 
volume 
heating 
soaking 
soaking 
time 
time 
temperature 
FORGE - array containing forging schedule 
FMTRX - matrix containing furnace heating 
assignments 
WORK - internal work array 
ATR - attributes of current transaction 
being processed 
OSOAK - total oversoak during current yea? 
PHEAT - total preheating during current run 
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.PROGRAM INFORMATION 
The program uas written in IBM370 FORTRAN IV 
(level G1).  With the current version, 320K of 
memory is required.  The run time is approximately 
1 minute(CPU) . 
A copy of the program can be acquired by 
contacting the author or the Industrial Engineering 
Department at Lehigh University. 
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